


Uel~vcr, Coloredo 
!.&Y 9, 1950 , 

To: E, :J. m o  

Fr01.l: A, C. Cartor 

Subject : C r i t i c a l  t rac t ive  forces trhich o t m t  movaaent of s e b d  
Fl a chnnnel 

1. 31 oxlor to d e s i , ~  n c l ~ ~ ~ r ~ c l  I n  noncohooive !mtcr.i,?l u.?~ich 
' r i U  be stablo, i t  i s  necessary t o  hovr t h e  mtaara  a d  ;agnitude of 
forces cms- ocour and silt*, 

2. This invest i~at , ion w m  r d e  of all avcilablc liter2tr\re on 
t r ac t ive  force studieu of models and natural  ci~annola in a11 att* 
to find n rolrztion between pa r t i c l e  size of l ~ m u l a r  seditncnk and . t h e  c r i t i c a l  trac5ive force vrhich  ill start rusvenent o f  thc  natcrid. 

3* The amly3i3  of eclrper&nentd data rcvimed did not result 
En a usable solution t o  the aroblcn, becaso  traction f lu i i~  data * 
appardly c m o t  be correlat cd t o  prototype conditiorm , 

Xntroduct i on  

4. ikceforence is nndo to uIjrLlciples of 53tablo Channels in 
Ekodible IGztterialJJ by E. k!. lano, February 10, 1950. In t h i s  repod 
it wcls suggested that a stuciy be d o  of available l.iho~ature in an 
;ftter,ipt to dstomine a golloral relet ion botween sccur&q forces d 
pa r t i c lo  size. 

5.  In t he  design of a stable channel L? erodible nat orial the 
flow characteristics nust be such tha t  scour of t he  b a s  and bsd md 
deposit of seclixnent docs not oacur. The velocities a t  every point on 
the w o t t s d  porii;lgter should bc sufficient t o  coinray bed load am! sus- 
pended m t c r i a l  enkerL\5 t h e  s y s t a  to t h e  lomr cnc! without 1.m- 

t h e  runtorid comqwsi~g t h e  b d r s ,  P d i c l e s  rosthg on t h e  leve l  
botton of a channel are amed ulan by forces due t o  t h e  fluid in 
notion. If ocour is  t o  be prevdod,  theac forces .xu& be less 
magnitude than t h e  c r i t i c a l  fomeo ?.i.;f.lich  fit causo tho !m-taiclcs t o  
st?sCY t o  nove, i 

6. LJni'ortunately, very l i t t le  usable datn on the forces due to 
Velocity c u l s b ~ : :  part ic l e  m v e ~ ~ e n t  are ovcdLablo because of tha dif -  
f iculty in ~neasurin,~, vdoc i t i eo  near the bed. However, rablrr studies 
have shown tha t  tl?e ~ovemerrt of par t ic les  by flotriq water is raletcci 



volume of  water  ac t ing  i n  the  d i r e c t i o n  of flow o r  t h e  fo rce  due t o  
v e l o c i t y  causing t h i s  volume of weter t o  flow end i s  balariced br t h e  
r e s i s t a n c e  exerted by the we ted perimeter. This p r i n c i p l e  was 2 discovered by M .  P . du ~ o y  1 i n  le7q. 

7. A l l  available work on c r i t i c a l  t r a c t i o n  was os3embled and 
c l a s s j . f i e d  i n t o  t h r e e  p a r t s  f o r  t h e  purposes of comparison: 

I. Experimental r e s u l t s  of flume t r u c t i o n  s t u d i e s  
inc lud ing  t r a c t i v e  f o r c e  and quantity of bed load  movement f o r  
va r ious  s ized p a r t i c l e s  . 

I1 . Observed c r i t i c a l  tl*acti.ve force--Part icle  s i z e  
r e l a t i o n e  besed on flume and n a t u r a l  strean s t u d i e s .  

111. Squations e m r e u s i n g  the c r i t i c a l  t r t t c t ive  force- 
P a r t i c l e  s i ze  r e l a t i o n  based on experimental r e s u l t s  of t r a c t i o n  
f lune  studies. 

An a n a l y s i s  of the e x p e r L ~ e n t a 1  da ta  i n  Parts I and I1 was t h e n  made 
v i n  o rde r  t o  eva lua te  t h e  proposed equations i n  P a r t  111. Th-ls inves- 

t i r a t i o n  should indicate which, i f  any, of these equat ions  might be  
used i r l  s t a b l e  channel des ign  to e x p r e s s  t he  gene ra l  r e l a t i o n  between 
c r i t i c a l  t r a c t i v e  force  and particle size. 

I 
I 

I 

i Procedure 

~ Part I--Tractive Force Eqorin.ents  

8. An a n a l y s i s  was made of a co~~p i l cz t ion  of published 
unpublished da ta  on bod l oad  t r a n s p o r t a t i o n  by J. ';/. Johnson .Td This 
r e p o r t  summarized t h e  basic hydraul ic  und sedimentcry data fro= flume 
experiaents i n  lC, l a b o r a t o r i e s  i n  n c o n s i s t e r ~ t  system of u n i t s .  I n  
addLtion observa t ions  were cor rec t ed  f o r  s i d e  w a l l  e f f e c t  using the 
~ i n s t e i d  method where t h i s  had not  been done by the  axperintenter. 
Another source of d a t a  reviewed was t h e  National Bureau of 5tanderda112/ 
r e p o r t  on scour of e sandy riverbed by c l e a r  and muddy water which was 
requested by the Bureau of  Reclamation :Jovenber 1, 1932. 

g1/12/ References ref e r  t o  bibliography. 



t-ableo of f r i c t i o n  vclocity (v, , which in a function of t r ac -  r tive force ,  against c j u a ~ ~ t i t ~  of boa load  movement f o r  each aize of 
s a n d  o r  average s i z e  of sand mixture t e s t e d .  The expression f o r  
t r a c t i v e  f o r c e  may be expressed: 

T = r n  

T 3 t r a c t i v e  force--lb/ft  2 

w = u n i t  weight of water--62.4 l b / f t 3  

il = i~ydr i lu l ic  rodius-f t  

S = energy grad ien t  

Rep re s e n t s t i v e  curves were the11 drawn through t'no p l o t t e d  p o i n t s  and 
extecded to zero discharge t o  ob ta in  c r i t i c a l  values  of f r i c t i o n  
v e l o c i t y .  I n  addit ion,  envelcpe curve8 were drawn above ~ n d  below 
all of  t h e  p l o t t e d  p o i n t s  t o  i n d i c a t e  t h e  range of poss ib le  va luus  
of c r i t i c a l  f.rictiotl v e l o c i t y .  The poir.t and range of va lues  of 
f r i c t i o n  v e l o c i t y  f o r  zero sedimerit discharge wero thcn  convurtud to 
critical t r a c t i v e  fo rcc  and p l o t t e d  azainot  nmaz par t ic le  diruccter 
1oga r i thn icd . l~ .  For c l a r i ty ,  points i n  t l ~ c  sw,e rtxperiuent were 
connected. See F?&ure 1 f o r  p l o t t e d  valuus and TnL2.e 1 f o r  t abu la t ed  
values . 

10. The procedure followed i n  analyzing t h e  ?lation61 Bureau of 
Standards1 data was e s s e r l t i a l l y  the  ya!le, except t'nnt qua r i t i t i e s  of 
sediment transported were plotted e i r e c t l y  a g a i n s t  trective force .  
Snvelope curves were then drawn and extended t o  zero  secihtent die- 
charge to ob ta in  the  rnnGe of c r i t i c a l  t r a c t i v e  f o r c c  f o r  each grain 
diemeter. These valuas were l i s t ed  i n  Table 2 and a l s o  p lo t t ed  
aga ina t  p a r t i c l e  d i ane te r  1 o g a r i t k A c a l l y  ir. FF~ure  1. The minimum 
value  of  each range of t r a c t i v e  force i r ,  t n e  same experiment was 
connected, Indrits equat ions  wero p l o t t e d  i n  Fimre 1 for the purpose 
of comparison with o t h e r  da t a .  

P u t  11 --Tmc t i v e  Force Obsorvtrtions 

ll. h ntmber of i n v e s t i g a t o r s  fplrrid c r i t i c a l  t r a c t i v e  forces f o r  
var ious  s izes  of s e d k n t  by v i s u u l  rnethod~i. 111 general, two c r i t e r i o n 8  
of c r i t i c a l  cond i t ions  were used: (1) inltial movement of gruins i n  t he  
be6 u l d  (2) &elmral novemcr~t of the  bed. Observed c r i t i c a l  t r a c t i v e  





C?JTIC,U4 TW,C?"IVF; I+Y)I?CES EXTRW301A'I'EX FHOH JOHlJ50i3 Pk.TA 

I 
1 : Mean : F r i c t i o n  ' : C r i t i c a l  r . t r t l c t ivs  lRana os Experiment Trpe of :diameter' velocity ' R"~e ' force Tc . : mater ia l  : :vx c m / s e c : V ~  ca/sece . . * : : 

1 2 5  C/m. 1 ,3(v*) &/in , 

Gilbert sand A / Gilbert sand B 
G i l b e r t  sand C 
G i l k r t  sand D 
Gi1'wx-t sand E 

% ..-' Gilber t  sand F 
Gilber t  sand G 
Gilbert m:d H 

. . . 
:River sand: .305 : 3.66 : 3.4 -4.1 : 137 :118 -17l.5 
:Riversand:  ,375 t 3,00 : 2.95-h.5: 132 : 88.5-207 
~Riveraa r ld :  .506 : 3.43 : 3.25-5.5: 120 : 1 ~  -306 
:River sand: ,780 : 3.0 : 2.70-5.3 : 91. .9 : 71r.5-287 
:RFvorseuld: 1..710 : 3.5 : 3 . 3 - 5 . 0 ;  125 :Ill -255 
:River sand: 3.170 : 5.3 : 5.0 -5.5 : 286 :255 -303 
:RLver sand: 4.")38 : 6.2 : 6.1 -7.0 : 392 :379 -500 
nPAversand: 7.01G : 7.55 : 7 . 5 4 2 . 7 :  5cl :5?3 -772 

G i l b e r t  sand C $Beach sand: .506 : L .  55 : 4.05-5.05: - 216 :I67 -26G 
Macbuga l l  sand I :5eachsand: . 6 ~  : 2.2 : 2.1-3.43 r b9.4 : h5.O- 92- 
k a c ~ o u g a l l  sand I1 : :Beachsand:1.01 : 2.3 : 2.25-2.4: 54.0 : 51.6-Y.8 
kacEougal l  sand 311 . rBeach sand: 1.h4 : 2.95 t 2.75-3.1 : 88.8 : 77.1- W.0 
C ~ ~ I - I  S W I ~  3 ;Bench sorid: 247 : 2.5 : 2.35-2.35: 63.8 : 56.3- 66.3 
Chyn sand 2 aEeach aand: ,840 : 2.4 : 2'.35-2.5 : 58.E : 56.3- 63.8 
Chyn scmd 1 :Eaach scind: 4 : 2.55 : 2.5 -2.57: 66.3 : 62.8- 67.3 . 
Jomison sand 1 :Beach sand: ,72 : 2.58 : 2,l -2.65: 67.9 : 145.0- 71.7 
Jor r i son  sand 11 :Eench sand: .93 t 7.58 : 2.5 -2.6 t 67.9 : 63.8- 6€'. 
U.S.X.E.S. sand 1 :Riversand:  .586 : 1.7 81.63-2.07: 28.5 : 2 7 . 1 - 4 3 . 7  
U.S.W.E.S. sand 2 
U,S;d.E.S. sand 3 
U.S.G.E.S.  sand 4 
U.S.W.E.S. sand 5 
U.S.W.E.S. sand 6 
U.S.W.E.S, sand 7 
U.S,'h.'.E.S. sarld 8 
U,S,k;.Z,S. a r i d  9 
U .S .W .E .S . send lD 
U.S.W.E.S.  U0.589 (sandj 
U.S.h+.t .S . [JO .e33 (sand) 
U . S . V . E  .S. UO .293 (sond} 
U.S.W.E .S. sand A 
U.S.% .E .S. sand E 
;I .S .IJ.E .S. wr1d c 
U.5,'ii.E.S. 3brld D 
Y.S.W.E.S. sand E 
U.S.W.E.S. sand F . 
[J.5.ii.E.S. sand G 
U.S,id.E.S. sond H 

:2 ive r sand :  .5hl : 1.75 : 1.75-2.321 
:River mnd:  ,525 : 1.7 : 1.6 -3.1 : 
:Piversarid: .506 : 1.7 :1.6-3.2: 
:River sand: .A83 : 1.75 : 1.7-3.55: 
:fEiver sand: .34? : 2.5 : 2.5 -3.2 : 
:River sand: .310 : 1 .55  : 1.53-3.25: 
:P?ves aandt ,205 r 2.8 E 2.75-3.7 : 
:River sand: b.C77 : h . t 5  : 4.45-5.4 : 
:River sand: ,976 t 2.2 : 2.1 -2.75: 
:Synthetic : .69l : 2.2 : 2.0 -2.2 : 
:Synthetic : .974 a 2.2 : 2.2 -2.75: 
:Synthetic r .367 : 2.5 : 2.35-2.85: 
:Synthetic : ,853 : 1.95 : Yo range r 
:Synthetic : ,794 : 2.2 : No range : 
:Synthetic : ,715 t 1.9 r No m g e  ; 
tSynthetic : 1,224 : 2.4 : No range : 
:Synthetic : 1.162 : 2.25 r No range : 
:SmthetAc : 1.008 : 2 .3 '  r Ido range t 

:Synthetic : ,986 : 2.3 : No range : 
tsynthetic  : 1.067 : 2.3 : No range : 



b 

C IUTIC AL 'IXACTIVE i.'cRCES EXTRAPO1ATh;D 'r'Qm JOHh'SON DATA 

1 

1 : Hean ! Friction ' t Cri t ica l  : 
Experiment lSrpe Of 'diameter* velocity : Renge of : tractive :Range of 

: material a ,, av, V cni/aec r force T =:Tc g/m2 
t . * 1 b 1 (2 (v*)1 g%Jt 

U.S.W.E.S. sand I rsynthetic : 1 , 0 5 2  : 2.35 : N o r a n g e :  56.3 r 
U.S.W.E.S. sand U0.417 r3ynthetic : .A98 : 1.8 : No range : 33.0 : 
U.S.W.E.S. sand J rSynthetic : 1.066 : 2.25 : 2.15-2.25: 51.7 : 47.2- j1.7 
U.S.W.E.S. sand K ,Synthet ic :  ,732 : 2.0 :Norange  t h0.8 : 
U.S.M.E.S. sand L :Synthetic : ,738 : 2.15 : ! i o r a n g e :  47.2 : 
U.S.W.E.S. sand H r3ynthetic: ,759 : 2.2 : No range : 49.3 : 
U.S.W.E .S. sand Jz :Synthetic x 1.066 : 2.3 : No range : 53 .F : 
U.S.X.1S.S. sand EET, :5-p-ithetic:1.162 : 2.2 : N o r a n g e :  49.3 r 
U.S,W.Z .S, filter sand :Synthetic : ,597 : 2.0 : IZo range : 10 -8 : 
Y .S .W.E .S. sand HR :Synthetic : 1.067 : 2.3 : 2.15-2.35: 53.9 : 47.1- 56.3 
Liu material I r ~ v a r a a n d : l , . ~  : 4.0 : 335-5.57: 163 :1.55 -316 
Liu material I1 :River sand: 3.4 t 2.9 : 2.E5-h.8 : 85.8 : e3.0-235 . Liu n;nteri a1 111 :Rlversand:2.3  : 3.1 : 3.1 -4.0 : 95.0 : 98.0-163 
Liu material N :River sand: 1.4 : 2.4 : 2 -3.1 : 54.8 : 58.8- 4r8.0 

I 
Liu m t e r i a l  V . :Rivers&nd:3.6  : h.2 : 3 . 9 - 5 . 2 :  180 :155 -276 
L i u  material V I  :River sand: 1.8 : 3.15 r 2.8 -3.7 : 101 : 80 -139 
9ogardS. and 

Yen material I :Gravel r10.56 : 9.1, : id0  range : 400 
Yen material II :Gravel : 7 . 1 2  : 8.2 ~ 7 . 9 - 8 . 6 :  685 :637 -753 
Yen miter ia l  111 :Graval : -- -- . -- . 

OtErien Columbia River  8a.d :.%ver sand: ,360 : 2.0 : 1.95-5.7 : L0.G : 38.13- 33.1 
Casey sand h :Sand : 2.t55 : 3.5 : 3.4 -1.2 : 125 :118 -180 
Casey saxld 111 A :Sand r 1.32 : 1.e : 1.8 -2.6 : 33.0 : 33.0- 68.0 
Paw-Tung mixture I :Gravel 1 3.83 : 3.6 : 3.6 -b.3 : 132 :I32 -188 
? m i - ~ u n g  mixture 11 :Gravel : b.6h : 4.5 : 5 -4.7 : 207 :207 -225 
Pang-Yung mixture 111 :Gravel :6 .99  : 5.2 : 5 . 2 - b . 4 :  276 :276 -417 
Pang-Yung mixture IV rcrnvel : 2.18 : 2.8 : 2.8 -3,45: 80 : 80 -121 
Pang-Yung m i x t u r e  V :6ravel t 6.17 : 5.5 : 5.5 -6.5 : 308 : 308 -430 
Pang-Yung mixture V I  :%nd t 1.55 : 1.7 : 1 .  -2.1 : 29.5 : 29.5- 44.5 





converted t,o c o n s i s t e n t  ur;it,s. No cor rec t ion  fo r  side w t l l  e f f e c t  
was clade because of a lack of suf f ic i .cn t  i n f o m a t i o n ,  Whonever 
reported,  t h e  c r i t e r i o n  used by the obsc:~?rer was i nd ica t ed  i n  this 
review. The tabul s tud  da ta  with bibl iography references  n?pear in 
Tables 3 t o  R .  The d a t a  were p l o t t e d  t o  locor i thmic  s c d e  i n  Figure 2. 
I n d r i  Y e q e t i o n s  were a l s o  p l o t t e l  iz Fic;ure 2 t o  serve nn B bas i s  
f o r  comparison w i t h  other :'ah. 

12. ~ h m ~ d  end  ~ ' ~ r i e & /  listad e number of observations of 
c r i t i c a l  t r a c t i v e  forces f o r  d i f f e r e n t  sediments which wore a p ? a r e n t l ~  
defined b;; a zer-o rate  of scdimuct t r iulsportat ion,  6d.though this i c f o r -  
na t ion  w b s  n o t  clearl;/ i n d i c a t e d .  Rather than  i nc lude  these results 
i n  P a r t  I o r  t h e  obscrved c r i 2 i c a l  t r a c t i v e  forces  above, they were 
presented separately i n  Tables 9 and 10 with biblFo&raphy references 
and p l o t t e d  i n  Fi&:ure 3 ,  I n d r i t  s equat ions were also shorn in 
Figure 3.  

. Part Ill--Trac Live  Force Zcpat ions 

13. I n  rr.ost instances, the i n v e s t i g a t i o r ~ v  of nediment trans- 
portr t t ion led t o  at1 equa t ion  whicn r e l a t e d   critic^ t r a c t i v e  force 
t o  g ra in  s i z e .  I n  f a c t ,  as many equat ions  were derived to f i t  
e,..;;rx-lental results as there were i n v e a t i ~ a t o r s .  I n  o rde r  t o  make a 
conparison w i t h  basic data and evaluate t he  r e s u l t s ,  13 suggested 
formulos uure se l ec t ed  and converted to cons i s t en t  u d t s .  Ce r t a in  
~ssu rnp t i ans  uere neceseary regarding some of the Lems i ~ ivo lved .  
These were m ~ d e  t o  agree with  usual p r a c t i c e  and kept  t h e  S&IMZ i n  each 
case.  5ach equat ion was reduced t o  the f om: 

Tc - cldn + C2 

Tc = c r i t i c a l  t r e c t i ve  f o r c e  

C1C2 = ern;)irical cortstants 
(dimensional ) 

, dn = mean d i m e  t e r  of sediment 
to some power 

isle ca lcu la t ions  w i t h  re ferences  are presented i n  Appendix I ,  end a 
~lummar.? of a l l  equat ions  used is d v e n  i n  Table 11. The r e l a t i o n s  
are showrt ~ r a p h i c a l l y  i n  Figure b .  
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I 

Tab1.c 2 
i~ij-fi2 ,r)mi~e mgru3~3 fl 0 ; ? 3 ~ 1 ~ ; 3  c 2~ 1 c ),L '2 ii.4~; 17;s 

FL'X E 3 W .&4 RPlL711CI: *I:i2:O:*~,r;' 
&ctiqg tr;31~1pofiiJ1g foforcos Tc for trzriuds U s  of ddrLtus Fn i ts  n&urnl 

s t d o  bi rivcps, as :seasurod 5g (hvc.r:mnt;_ erqyineors ki ikernbcrp: 

CrdLluy cpartz s a d  : G.4 to 1 ,rm : 5 . 5  3 . 3  : 250 t o  300 

Ordj.m.ry quartz sand : 0.2 to G,,!, : O. l i3  to 0.20 : 180 io 2m 

O r d L r  ~urrrtz sand : 1.8 to 2 :?s 

htulcl ish q u h z  g r ~ v e l  : ii.5 to 1.5 C L ~  : lo25 

: 1,C to 1.2 : 1,w Lo 1,203 

Coarse  q ~ a - i z  storlea : I; to 5 crn : 1,,& 

i 





- 
sh2d : ,;1.~i;l dlz;, : rn A, i a d a l  critcri(>n* : 'Ie 7izu;;l crLLarionw : I ' L V W ~ C  Tc 

i i i i .  : :a11 : l ~ ~ ' i ^ t ; = !  : / u/f1;2 : ,ii rn2 : 
i : , 5 ~ t 5 1  : .0077 : 36.3 : .WJ$ : 39.6 : 4 5 e 7  

: .0072 : 33.93 : .W% : k3.4 
. ~ ) i > i f l  : 33.2 : .01Q : 5 3 4  . 

1 : .dl30 : Gl.3 2 : : . W U  : 37.7 : 12.9 
: ! O  : G11.9 : .0090 : u.14 

.el70 : GC.2 : .OOcjj : u . 6  
3 : .521,.b : .31% : 93.1; : .WG5 : l b G a l  r l2.9 

: .0%1.5 : 101.3 : eC109U : U.4 
: .010c: : 75.4 : .X)W 

LC : .!;056 : .a213 : 1 : .0360 : 37.7 : 4340 
: .0219 : 103.2 : .00:!3 : 39.1 

- : .02%2 : 104.7 .00yd : 1G.k 1 

5 : 1 : .1123,!+ : l.l.C1,3 : .LU;Q : 3 ' 7 O r /  : 39.0 
: ,3230 : 108.b : a 0 0 7 5  : 35.35 : 
: I : ~ . 6 . ?  : : 1,O.i 

i; : .31.7C : ,0236 : U . 3  - . .OijCO : 2C.3 ; 29.3 
: ,0252 : 11C.3 : .WbG : 28.3 
: . a 2 3  : ~5.2 .oo&~ : 22.3 . 

rf  ''OL : 2 ,  : 167.3 
I : .J& : : 33.0 : 32.2 

: .022'7 : 1.57.0 : .0058 : 2'7.35 : 
: .02l+6 : U6.C : .0070 : 33. Cr : 

E : .20j> : .a15 : 95 : .HI51 r 2hs03 : 22.9 
: o : 99 : .WI& : 22.63 

: 115 : .OC'G : 1y.s ,02u 
'3 : ji.cJTAy : 5 '  : 268.5 .057 : 268.~ : 26.3 

: .057 : 26C.8 : .057 : 260.8 . 
: : 283 : .?;OC : -- 2t'3 

+?;0<i01 crit crion: 
. 

(1) * u i o r i d  in trsqoport~tj.on is rocsormably ~ l i . d L ~  in composition 
to tii@ ~.~t(zi~~.i C O : ~ O S ~ ~  t h e  o r i d n i l .  bd. 

( )  The  r a t e  of lxwmionL is erpirl to or wseuds one pound (CW 
wek5ht j per  foot :.ridtl~ of c i l n ru~c l  yer hour. 

A%V:s,lal criterion: h n c r  d ?lovez,~&, 



O'imIrZD CilI'TICi;I, TiirlCTFZE FG'il;" DATA 
c o ; . p m  lij Y. L. cIIt?ii 8 

- 
i'. I,. C ; ? m : * 4 e n 0 r ~ t l  I,iow;:~ont Cri ter ion 

G 295 : c.oyo : .362o : 1766 : cs3 : 1 5  ; yo3 
6 20,$ : 6.540 : .27G0 : 1356 : 67U : .139 : 678 
G 203 : 5,290 : .2220 : 1OC3 : 1 : .U1 : 5k2 
6 2!;2 : 3.770 : .LC30 : GV ' : LA6 : .a31 : U; 
6 201 : 2.51,(~ : .0970 : IL73 : 236 : .OU5 : 236.7 
6 2W : 1.760 : .0699 : 3W : 170 : .03h9 : 170.L . .0166 : C1.0 . .C327 : 153.6 : 79.2 6 199 : .G66 
6 17E : .39i : .C1,$3 : G9.C : 314.9 : .W757 : 36.9 

, ,P. ' 6 197 : i : 0 . 1  : 55.7 : 27.0 : .00635 : 31.0 
i%dae : .2;4 : .wyG: c7.2 '"" Q . , . 1 0  : 21+*3 
I : .21O: .C11!% : 69.3: 314.6: .03767; 37.1~ 
S a d  r-w : ,131 : : 3G.d : 16.3 : .OD395 : 17.~6 

li . W,els-Crit orion Unknowtl 
s t ? :  Dh.l : T 

r 0.2 : . : ran :lb/fl . - R : l . l & & :  0U05 : 72.4 



OE5ERVEC C R I ' I ' i C l J ,  T!'ACTIVE FORCZ PAT 
CWIUD EY C I BTUEiu' A; 1, i?l;iI)LA d . 

C h i t t y  I io- -1r~t ia l  biovument C r i t e r i o n  
Computed 1 C r i t i c a l  Sand kedinn dismfldadian d i a r n : ~ o c f l . i c i e n t f ~ ~ ~ ~ ~ ~ ~  

No, , ' f ee t  I mi n* : lb/ft2 r shear g/m2 
I . . . 

A : .0186 : j .73  : .0202 I .052 : 2% 
b : ,0132 : 4.02 : .0189 : .048 : 234 
C : .MI43 : 2.83 : .(I179 : ,028 : 137 
6 : .006b : 2.G2 ,0108 r .OX] : 97.6 
E : , 0 4 7  : 1.13 : .C!159 ; 0133 : b4.9 
i.' : . w 3 3  : 1.01 : .0150 : ,0080 : 39.0 
C; : .0023 I .7G : .CU1 r 0034 : 16.6 
H : .0016 : .4S : ,0134 : .C025 : 12.2 
1 : ,0012 : .37 : ,0126 : .QOU : 6.83 
it' : 1 : 5.52 : .0202 : .~52 
E' : 

: 254 
.2132 : 4.02 : .Ole9 : 4033 : 161 

Hans Kramer--General Piovement Criterion 
Sand : Diometer : Diameter : 

~ o .  : feet r miz , T, 1b/ft2 i I, d m 2  . : 
I :  .U0174 : .53 : .00973 : L7 .5  
11 : .00168 : .512 : .W745 : 36.1, 

i11 : ,30180 : .5&: : .COY17 : 4, .75 











TaG1.e 9 

Sc tlaf fernak 

: 1,536 : ,01538 : 75.1. 

G. I( . .  G i l b e r t  
: Diameter : 

: 5.296 : .1005 ; 491 



EXT'RAPOUTEiI CRITICAL TFACTIVE FClRCE D TA 
CoKiiIuD BY c1ERllW A X I  N N C U U B ~  S 

C. K. ~ i 1 b e x - d  I* 

:Diameter thest  Tc used r Least Tc used rEstbte tEstimated 
Sand No* r m t lb/ft2 : d m 2  rTc lb / f t  9 rTc d m 2  

~ C D O U R ~ ~  

Sand No. :Diameter r 
: mm ST, lb/f t2 1 T, g/m2 

Sc haf f ernak 
:Diameter: Sand No. mm z Tc ~ b / i t ~ : ~ ~  g/m2 



EX!iXld'OLAV~D CRXTICAL TRACTIVE 
m CONPILED UY O'BRIEN AND RINDLA1 

C hippa I s land  

Schok l i t s cm'  

~ a t e r i d l :  ~ o n n  :~iameter:~!-&e ter: ,Tc 1b/ft2:'Tc 
* : feet I utrn . 
: 

L :Quartz s&d: 
K ;kart2 sand: 

t Slab  t 
H tThhnflakea: 

t Ore : 
F tSharp friig : 
J rPorc ql:ere: 
G : Cuortz sand: 

: Slate r 
C : T h i n  flakee: 
D rLuartz sand: 
A ;Porn ephersr 
E tPorc sphere; 
B tBrartza~ind: 



EXTRAPOUTED CPJTICAla TRACTlVE FORCE DATA 
CQ*!PIIXD 8Y O'ERIEIJ MID RIlrlIlLAUE&i/ 

~ t r i c  kler2d - 
Sand 8 Diamster:Diamater tTc ib/ft2tTc 

1 f ee t  : mm r a d m 2  
t I 

Rhine, 'rlddhut r .093 : 28.33 r 
Rhlne, Base 1 :.168 a 1 . 2  t 
Rhine, No. 1 : .043 : 13.1 t 
W n e ,  S t .  Margrethan t ,101 n 30.8 a 
Rhine , Holland : .02F : 8.23 a 
Rhine, Neastrile : . l83 : 55.8 r 
A a r e ,  Aaren : .063 : 19.2 : 
Rhona, Porte du Seine a .06W : 18.3 : 
Miss., Vickaburg : . O 1 P  t 5 . 7 9 :  
Danube, Vienna : . O ~ P  a U.RB : 

• Zutschine, CstePg :1.63* : 4 9 7  : 
Reuss, Seedorf : .025P t 7.68 1 
Seine, ~ o i s s y  : .0035* : 1.067g 

I Saone , Hbcoanay : .OOl+'/@: l.b56: 
Aare, brienzwiler t .83W : 253 : 
Aare, ErienzKiler r6.95* : 2 U  a 

where break 

k'coraputed f r o m  d = 

Rindhub 
t Dimeter :Diameter j ~ c  ,-b/ft2r Tc g h 2  

S a n d N o * t  f e e t  : rn . : 





SWA?Y OF C R I T I C U  I31ACTlVE FORCE EQUATIONS 
PROPOSED EY INmSTf GATORS 

Inve st i~ator Proposed equation 

S C ~ O ~ U ~ S C ~  Tc 1.0k8 x 10 6 3/2 

K rey Tc 99d 

U.S.WoS.S. Tc 37.25d1I2 

for dg < 1.h 
T, = U.9kd + 12.16 

for dg > 1.h 
Tc = 90.6d - 18.48 

for dg = 1.4 to k .a, 2.66 
Tc .I 45*7d 

for  dg 0 0.2 to 6.%, 'd 2-57 to 2.70 
Tc = 12.92d3I2 + 21.3 

Kalinske C r i t i c a l  tractive force 
Tc 192.3d 

mean critical tractive force 
Tc 64.ld 

c hcbng f o r  (cw' ;) > 2.0 

T, = 36.22d 

f o r  ( = ' i3 
P 

P> c 2.0 
H 

Tc - 39a8d 



SUM;AP.Y OF W"iICRL T ~ C L C ' ~ I ~  FORCE ZUJATIONS 
PRCJPOSSD 9Y IFm3TIGAMRS 

I n v e s t i ~ n t o r  Proposed oquation 

Keyer-Peter for A 9,047 (upper limit) 
T, - 77.bd 

f o r  k a 0.03 (absokute rest) 
Tc h4.5d 

Shields h i r i a r  layer 
Tc 49.5d 

%'hi te 

Casey 

quadratic flow 
Tc 99.0d 

Tc 74-25d 

I~iote: Calculations shown in the Appendix. Units of 
Tc in in m except Schoklitsch D in m. 

Assumptions: Uniformity n~odulus, K = 1.0. 
Density of subaergedmaterial -1.65. 









. W'nen plotted against sediment a b e  t h e  c r i t f  c d  t rac l ivo  
force data in Parts I and 11 (Fi'iyres 1 t o  3) showed a cer tain pet- 
tm, though scattered within fairly wide limits. This variation 
might be acourrted for by ineonplete knowled~e of  a l l  t h e  variables 
involved i n  sdnent transportation and t h e i r  compl63~~ relations, 
diffcronces in labortitow technique, tpd errom in observation. 

15, kken plotted in F i p r e  4, tho crit ical.  t rac t ive  forcc 
formilas v,Mch wera reviewod d s o  s h o d  a fairly vddo range of 
possible values. The lad: of agreeanent mi&it bo accounted for by t h e  
fact that  each investigator derivrxf a f o m l a  from different concaflo 
of tho vlriablee jnvolved and then introduced empirical conatants t o  
obtain agreement with axperimontal reaulto. The laboratory work 
of course subject t o  the U t e t i o n s  set forth in Parapap11 1, 

16. Col-,parison of curves represontine propsed expressions of 
the  c r i t i c a l  t r ~ d t i v e  force-particle size re la t ion  with plotted 
esuporiulentdl rea i l t s  seemed t o  indicate tha t  tho equations of Chang 
and Liu defined the lower linit of c r i k i c d  t ract ion in laboratory 
flunes soraek+ieit bet te r  than t h o  others. ., Verification of t h i s  conclu- 
sion '~rould undoubtedly deyncl on additional work in t h o  Wea of 
Recla.?at ion  HycLr.auJic Laboratory . 

17, X coinpariso~~ of c r i t i c a l  t rac t ion  in laboratory flumes and 
the  t rac t ive  forces existing in canals designed by curre&4 accept& 
methods indicates a lack of correlation between model and prototype 
especially L;l the range of sxidler sized sediments. Tho c r i t i c a l  
t rmt ive  forces in a natural channel which were observed by the  
Governed  engineers at )imamberg, fo r  exaqle ,  were a p p r o m e l y  
10 times g-oater than those obecrved in traction flumes by numerous 
inveskQators for  the  same sizes  of sediment, Figure 2 show the 
l ack  of aweomenti clearly. 

18. The discrepamy between c r i t i c a l  conditions of sediment 
t r m p o r t a t i o n  i n  m d d s  and prototypes may be accounted fo r  by the  
differonce in effect of a numbor of variables. The slopes used in 
laboratory e=cperherrbs, far .instme, were usuaUy mch greater than 
those found i n  larger  c h m e l e ,  Also, the s t a b i l i t y  of natural 
cf . .mols  was ?r~bebly greater due t o  better co~spmtion old cemnta- 
tion of the grsnular ~aaterhl c o q a a  the bottom and sides. This 
effect might be referred t o  aa the wine of canals. 







-- - ---- - -  - 
z r e  presented in t!Lis appendix w i t h  -c ulculatioions nsccs3ax-y 
conversion to consist en* u n i t s  . 

w = :mi; ort water 1&;i 

WI fi. u"it w t  materid. l~dd 

C = conatant; m s ~ ~ e d  = 0.06 

for  





T, = tractive force d m 2  

2 - diam pain m - dansity water &cc 
PI density material. gq/cc 
I? - uni fomi ty  ~ u l u s  1.0 

T, - U.3 dg (-1 + 12.16 

T, - tr&ivo force g/m2 
de dian pa in  mm 
x = unit w t  water d c c  
'6, = upit wt &erW g/cc 
M un i fo lp i t~  -6 1.0 



for  dg a l.lc t o  lcrk 1x1, X =  2.66 

D, S, - co~apotant slope depth ft x 10-3 

d man dim m 
w = op wt =tor 62.4 1.b/fi3 

for de = 0.2 to 6.5 x u  2.57 to 2.70 

ien and R i n d l a b :  10/ 

w = unit wt f i j f t3  
R hydr rad ft 
d = m d  dialil ft 



p' ( p  - p) effective p&icle density 
fi- - &e of reposo of s ~ n l  g o i n  
p = factor which i t~dica tcs  the  proportion of 

tho bed t;rlr;Lng f lu id  eham 
a = c011st3nt = 2/3 
& = accel p n v  
d = grain diau 

when tm $ = 1.0 

Tc = u d a/fi2 (c r i t i ca l  tractive force) . . . . . . . (1) 

T, = 4 d (moan critiaal tractive forco) . . . . . . . . . ( 2 )  



for (y i )  z 2.0 

for dim up t o  3.0 mm 

So = crit ical  tractive force e/m2 

dg = mean particle dim mm ' 

x1 '6 = ap w t  of material and water e/cm 3 

Tc [30 - 6 (1/3 - 1a0)] [dg (1.65)] 5/1 + 15 

= 63.6 d?'& + 15 g/m2 



for 

for 

T, = Limiting shearin& strene tons/& 

r, - sg of w e t a r  t o n o / J  
= BG of sedinont under water (vs OX,) a XB - 1.0 

h = water de&h m 
J = slope 
fi' = conatant = 0.047 fo r  upper 1-t (beginnin6 of 

bed load transjmrt) = 0.03 fo r  abs r e d  

E d  h~ & = effective d i m  - - where d = avg size of 
100 

particles in a fraction m 

i - 0.047 ((beginnine, of bod load tmnSpl%) 

A 0.03 (Absolute rast) 



T~ = XGJ = shaov stroas d m 2  
I& = mean hydrauLic radius c n  
J = slope 

w1 - porosity r ib.j.0 dependant on particle shape 
a d  tl~ickrross of 1aym 

XI = 07 "t if pxt ic l c s  dcm? 
X = op urt of W d  
d moan particle dim cm 
f = t h i c b e ~ s s  of l cunha r  layor cm 

Va f r i c t ion  velocity cq/ssc 
g a accel grav 900 cm/soc 

I b g c  1: 6 7 6. ijed behaves as axmoth bed. Good f o r  % up t o  2.00 
a 1 = 0.6 for unifom angular prt i c l e s  . 



Tc =" WM ahenrinc stress on bed cipMs/cn2 
p'= effective density of aand2in flld $cd 

= acceP gravity 980 cm/ssa 
lc = dim of sand grains cm 
9 = angle of repoae of material tan @ 1.0 

Tc 
T, = = 0.10 p' k tan $ 

Using e turbulence factor of 4 for p m d . l a l  flobr, 
this ewation becomes 
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